Metal Foam-enhanced Cascaded Thermal Energy Storage (MF-CTES) has been proposed to solve the problem of poor heat transfer during heat exchange process, which is caused by unavoidable decrease of temperature differences. This paper conducts a theoretical study examining the overall thermal performance of STES (Single-stage Thermal Energy Storage), CTES (Cascaded Thermal Energy Storage) and MF-CTES, with both heat exchange rate and exergy efficiency being considered. The main findings are: heat exchange rate of STES is improved by CTES (up to 30%), and is further improved by MF-CTES (by 2-7 times); exergy efficiency of STES cannot be significantly improved by CTES (-15% to +30%), nor by MF-CTES; exergy transfer rate of STES is increased by CTES (up to 23%), and is further increased by MF-CTES (by 2-7 times).
, industrial waste heat recovery [5] and solar power plants [6] .
Most PCMs have large heat storage capacity, ranging from 90 kJ/kg to 330 kJ/kg [7] , but they suffer from the common problem of low thermal conductivities, being around 0.2 W/(m K) for most paraffin waxes and 0.5 W/(m K) for most inorganic salts [7] . Low heat transfer performance has been the main factor restricting the application of PCMs in situations which require rapid energy release/storage [8, 9] . Researchers have proposed various methods enhancing heat transfer in PCMs, and these include: incorporating high thermal conductivity enhancers into PCMs [10, 11] ; adopting porous heat transfer media [12] [13] [14] [15] [16] ; Cascaded Thermal Energy Storage (CTES) [17, 18] .
High thermal conductivity enhancers including metal fins, metal beads and metal powders improve heat transfer in PCMs, but their enhancement effects are limited to between 60% and 150% [11] which is not high enough for most application requirements.
Porous media were also used to enhance heat transfer for PCMs, and these include carbon materials and metal foams. Nakaso et al. [15] [17] , and Shabgard et al. [22] . Watanabe and Kanzawa [17] found increased exergy efficiency by using multiple PCMs, whilst Shabgard et al. [22] found that the multiple PCMs recovered more amount of exergy despite of having lower exergy efficiency at times. A thermal analysis taking exergy into account does not only consider the quantity of energy, but also the quality of energy, and therefore is very important.
However, there are only a few publications addressing exergy issues for CTES; none of these studies has combined CTES with other heat transfer enhancement techniques, especially the use of metal foams. This paper aims to investigate, for the first time, the idea of the metal foam-enhanced CTES system, examining its technical feasibility and evaluating its energy and exergy performance.
Physical problem
Three systems are presented and compared in this study. Table 2 .
Mathematical description

Exergy analysis
The entropy change [24] of a thermal system from state ' 1'to state ' 2'can be written as:
The last term on the right hand side of Eq. (1) The unusable part of energy (i.e. anergy X), depending on the entropy increase (irreversibility), can then be written as [24] :
Thus the proportion of the usable energy can be calculated by Eq. (3):
Substituting Eq. (2) into Eq. (3), exergy efficiency is given in Eq. (4):
Because most PCMs are incompressible,
This study uses Eq. (5) to obtain the exergy efficiency for all three systems: STES, CTES and MF-CTES. 
Heat transfer on the HTF side
In this study, water was used as HTF. Table 2 gives the operating parameters of all three energy storage systems. With a flow velocity of 0.5 m/s, a kinetic viscosity of 0.553×10 -6 m 2 /s, a Prandtl number of 3.56 and a characteristic length of 0.01 m, the heat transfer coefficient h f is given by
from which h f = 1117.7W/m 2 .
To compare the thermal resistance between the HTF side and PCM side, the Biot number [25] is given by
This number qualitatively represents how many times larger the thermal resistance is on the PCMs side than on the HTF side. With Bi much greater than 1, the thermal resistance on the HTF side can be reasonably neglected, and this simplifies the following analyses.
It should be noted that the obtained Bi number is an approximate value, because this study used rectangular ducts, rather than round ducts which were assumed in the Dittus-
Even allowing for this, the Bi number will still be much greater than 1, so that the thermal resistance on the HTF side is so low that it can be neglected.
Heat transfer between HTF and PCM-metal foam.
Perfect thermal insulation was assumed in this study, so the heat transfer equations can be established based on energy balance: PCMs absorb the same amount of thermal energy as the HTF releases, which is reflected in Eq. (9). ( )
, Eq. (9) can be re-written as:
In order to cope with the phase change heat transfer problem, the enthalpy method has been employed in this study. The correlation between the PCM enthalpy function h PCM (x, y, t) and its temperature function T PCM (x, y, t) is given by:
Heat transfer on the PCM-metal foam side
In this section, the governing equations for heat transfer on the PCM-metal foam side, including fluid dynamics equations, phase change heat transfer equations and their initial and boundary conditions will be formulated. The process of solving complicated equations by numerical methods can be significantly simplified if the physical problem is symmetrical. A symmetrical physical problem requires that the computational domain, the initial and boundary conditions, and the governing equations should all be symmetrical. The computational domain for the present study is: Fig. 1 ). Such a rectangular domain is symmetrical with respect to the x-axis. The initial and boundary conditions are discussed later in Subsection 3.4.3, which indicates that the upper part (above x-axis) has identical initial and boundary conditions to the lower part (below x-axis), meaning that the initial and boundary conditions are also symmetrical upon the x-axis. However, the present study takes natural convection into account, in which the gravity and temperature differencedriven buoyancy are not symmetrical, so the fluid dynamics equation in y-direction is not symmetrical with respect to the x-axis. Hence the current physical problem will have to be solved on the whole computational domain.
Equations of fluid dynamics
When natural convection takes place, the metal foam still remains stationary, whilst the PCM keeps moving under a buoyancy force driven by temperature difference. To tackle with such complicated PCM flow in the porous metal foam, a volume-averaging technique has been employed [19, 26, 27] , for which the classical Continuity Equation is:
Here, denotes the volume-averaged value of a certain function over an REV (Representative Elementary Volume inside metal foams) [19] . The Continuity Equation takes on the following form under the Cartesian coordinate system:
Here, PCM u and PCM v denote the components of the velocity V in x-direction and in ydirection respectively.
Based on the Brinkman-Forchheimer extended Darcy model [26, 27] , the Momentum Equations are given by:
Here, g denotes the gravity constant, denotes the porosity of the metal foam, PCM  denotes the dynamic viscosity of the PCM, PCM  denotes the density of the PCM, K is the permeability coefficient [26, 27] , f C denotes the inertial factor for fluid flow in metal foams [19, 26, 27] , and denotes the thermal expansion coefficient of the PCM.
The PCM flow resistances consist of three parts: firstly, the first-order resistance (Darcy term) which is denoted by the third terms on the right hand side of Eq. (14) and Eq. (15); secondly, the second-order resistance (Forchheimer correction term) which is denoted by the fourth terms on the right hand side of Eq. (14) and Eq. (15); thirdly, the Brinkman viscous resistance which is denoted by the second terms on the right hand side of Eq. (14) and Eq. (15) . The last term on the right hand side of Eq. (15) represents the buoyancy force caused by temperature differences inside the PCM, and it is the driving force of natural convection. The intensity of natural convection mainly depends on two factors: driving force and resisting force. The driving force increases with increasing temperature differences, whilst the resisting force can be reduced by decreasing the viscosity ( PCM  ) of the PCM used. With fixed temperature differences, larger viscosity results in a weaker natural convection. With fixed viscosity, larger temperature differences result in a stronger natural convection. Eqs. (13) - (15) are used to describe the buoyancy-driven fluid flow, but they also hold true when natural convection does not take place, which is just a special case when PCM  is infinite. The present study treats the non-convection heat transfer region as a special case of natural convection ( PCM   ),
so that all cases can use the same equations thus simplifying the subsequent simulation work. When implementing numerical simulation, the program can automatically make the following judgement: if the PCM is still in solid state, its viscosity will be assigned an infinite value to ensure the absence of natural convection; once the PCM finishes melting and becomes liquid, the real value of its viscosity will be assigned, so that the buoyancy forces can be precisely decided.
Equations of phase change heat transfer
In order to cope with the phase change heat transfer problem, the Enthalpy Method [19] has been employed in this study. 
The initial and boundary conditions
The governing equations in this study are Eqs. (10), (11) and (13)- (17) . Their initial conditions are given by:
The boundary conditions are:
Equations (21) 
The energy conservation at the lower boundary is shown in Eq. (26) , with the temperature continuity condition being given in Eq. (27) .
Due to perfect thermal insulation, all four horizontal boundaries are adiabatic, giving:
Modelling of metal foam microstructures
There are still several important parameters for metal foam microstructures that need to be determined for solving the governing equations: Eqs. (10), (11) and (13)-(17).
These include: permeability, inertial factor, pore size, metal fibre diameter, effective thermal conductivity, surface area density, and inter-phase heat transfer coefficient. The determination of these parameters is complicated and strongly depends on special microstructures inside metal foams. Several existing models presented by previous researchers are employed in this study to obtain these parameters. For simplicity, this subsection only gives the computational formula for effective thermal conductivity, permeability, inertial factor, surface area density and inter-phase heat transfer coefficient.
The detailed derivation of all other parameters is given in Calmidi [26] and Zukauskas [29] .
Calmidi and Mahajan [27] presented a 2D simplified model of effective thermal conductivity for metal foams, which gave good agreement with test data. However the real microstructures in metal foams are three-dimensional, and therefore a 3D model is preferred in order to get improved accuracy. In this paper, a 3D structured model presented by Boomsma and Poulikakos [30] has been used to deal with the effective thermal conductivity of metal foams. A tetrakaidecahedron [31] was used in their model to approximate metal foam cells, because that is the polyhedron with the minimal surface energy -this is relevant because metal foam cells tend to shrink to the minimal surface when being manufactured by foaming processes. Figure 2 shows the structure of a tetrakaidecahedron, which is a fourteen-face polyhedron comprising six squares and eight hexagons [32] . By using such a polyhedron approximation, Boomsma and Poulikakos [30] obtained a good agreement between model predictions and experimental data on metal foams with porosities from 88% to 98%. Their model is shown in Eq. (30): 
Calmidi [26] . To give more accurate calculating results, Eq. (33) has taken into account the non-circular shape of metal fibres by introducing a shape factor.
The surface area density of metal foams asf is defined as the total surface area (m 2 ) of metal fibres within unit volume of metal foam matrix (m 3 ), and it can be obtained by assuming that all metal fibres have an ideal cylindrical shape (a shape factor was also introduced by Calmidi and Mahajan [27] to consider the non-circularity):
hsf is the inter-phase heat transfer coefficient between the metal foam struts and PCM, and also needs to be determined. Because the metal foam struts were assumed to have the shape of cylinders, the value of hsf can be approximately calculated by the empirical formulae for the flow across a bank of cylinders [29] :
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Numerical procedure
A FVM-based (Finite Volume Method) program has been developed by the authors to solve Eqs. (10), (11) and (13)- (17) Mesh independency was examined, and it was found that the difference between the 2400  400 mesh and the 1200  200 mesh was only 0.17%, meaning a finer mesh is not needed. Due to different convergence rates in the three metal-foam samples, the optimised time step was found to be 5 The numerical programming needs to ensure that natural convection only takes place at the grids where the PCM is in its liquid state and does not take place at the grids where the PCM is still in its solid state. This is realised by only assigning the real viscosity value to the grids where the PCM is liquid whilst assigning a viscosity with the value of 10 10 to the grids where the PCM is still solid.
Results and discussion
Validation.
To verify the numerical simulation for its accuracy and correctness, an experiment has been designed, in which a single-stage PCM was embedded in metal foam, shown in In this test, nine thermocouples (accuracy ±0.1º C) were placed at different locations (y = 8 mm, 16 mm and 24 mm respectively, 3 thermocouples were used for each place to get more reliable readings) inside the PCM to monitor the transient temperature variation.
Three thermocouples were placed on the copper plate to record the plate temperatures (y = 0 mm). Here, y denotes the distance between different locations and the heating plate.
Although perfect insulation cannot be guaranteed in the test, the underneath of the heating surface was insulated with Armflex insulation material and other surfaces were insulated by acrylic sheets which were transparent for observation during the tests. The temperatures and the input power were automatically recorded by a data acquisition system. From previous work by the authors [9] , the overall uncertainty of the test was estimated at 6.67%.
The numerical results and the corresponding experimental data are compared in Fig. 4 for y = 0 and 8 mm. Both numerical results and experimental data show that the PCM begins to melt around t = 1200s and finish phase change around t = 4000s. There is good agreement between numerical results and experimental data, and the most probable reason for the small discrepancies between them is that it has been assumed in the model that the PCM has a fixed melting point, similarly to crystal materials. In practice, it is important to note that RT58 melts in a temperature range of 48-62º C according to RUBITHERM ® . As shown in Fig. 4 , the temperatures increase more slowly after melting begins, because the heat provided is mainly used for phase change rather than increasing sensible heat. After the state of RT58 has become fully liquid (when temperatures are higher than 62º C), its temperatures begin to increase more rapidly again, because the heat provided is now all used for increasing sensible heat of the PCM.
Natural convection.
Natural convection was examined by numerical simulations. Figure 5 Stritih [10] , who added thirty-two metal fins into PCM to enhance heat transfer. However, he found that the addition of metal fins did not have the desired effects on heat transfer enhancement during melting, with the reason being that natural convection was significantly suppressed by metal fins and the Rayleigh number in his study was not sufficiently high to overcome the large flow resistance.
Comparison of equivalent heat exchange rates among STES, CTES and MF-CTES.
Equivalent heat exchange rates were also obtained from numerical simulations for STES, CTES and MF-CTES. Figure 6 shows the comparison of equivalent heat exchange rates between STES and CTES. It indicates that CTES using cascaded arrangement of PCMs enhances heat transfer by up to 30% (overall). However, it should be noted that the equivalent heat exchange rates of CTES system is lower than that of STES when PCM 2 finishes melting for two reasons. Firstly the temperatures in CTES increase rapidly (sensible heat) when PCM 2 (50℃) finishes phase change. Secondly, when the temperatures in CTES rise rapidly, the temperatures in STES have kept relatively constant because PCM 4 (55℃) is still in melting process (latent heat). The rapidly-rising temperatures in CTES have caused the decrease of temperature differences between
PCMs and HTF, resulting in a lower heat transfer performance.
The phase change regions of PCM 1, PCM 2, PCM 3 and PCM 4 can also be seen in uses the most time to finish phase change, because temperature differences for PCM 3 are much smaller than all other PCMs. As temperature differences decrease, PCM 2 and PCM 3 take more time to be melted than PCM 1. Table 3 . Figure 7 indicates that MF-CTES enhances heat transfer by 2-7 times and reduces melting time by 67-87% compared to CTES. Sample C (85% porosity) has better heat transfer performance than Sample A and B (both 95% porosity).
This is reasonable because the former has more solid structures, which results in higher effective thermal conductivity; thus it can transfer heat flux more efficiently to PCMs through the metal foam skeleton. Sample B (30ppi pore density) has better heat transfer performance than Sample A (10ppi pore density). This is also reasonable because higher pore density results in larger contact area between PCMs and metal ligaments so that more heat can be transferred. It can therefore be concluded that the metal-foam samples with lower porosity and higher pore density have better heat transfer performance than the ones with higher porosity and lower pore density.
In summary, CTES enhances heat exchange rate by up to 30% compared to STES;
MF-CTES enhances heat exchange rate by 2-7 times compared to CTES, depending on the properties of metal-foam samples (porosity, pore density and ks).
Comparison of exergy efficiency among STES, CTES and MF-CTES.
Exergy efficiencies were examined by numerical simulations for STES, CTES and MF-CTES. The comparison of exergy efficiencies between STES and CTES is shown in Fig. 8 . CTES does not always have higher exergy efficiency than STES (-15% to +30%).
The exergy efficiency of CTES is lower than that of STES in early stages before PCM 4 starts to melt, because PCM 1 and PCM 2 in CTES have delayed temperature rise due to their latent heat. Since lower temperatures mean lower quality of energy, CTES has lower exergy efficiency at this time. However, the situation is changed when PCM 2 finishes phase change and PCM 4 starts phase change. From this time on, the temperatures in CTES begin to increase rapidly (sensible heat) whilst the temperatures in STES keep relatively constant (latent heat), which leads to CTES having a higher exergy efficiency than STES. efficiency for CTES, but they can help CTES to finish melting more quickly by having a much higher heat exchange rate. As seen in Fig. 8 and Fig. 9 , all metal-foam samples finish melting more quickly than CTES, with Sample C being the quickest one.
In summary, CTES does not always have higher exergy efficiency than STES (-15% to +30%); MF-CTES cannot further improve exergy efficiency for CTES, but can help CTES to finish melting more quickly by having higher heat exchange rates (melting time reduced by 67-87%).
Comparison of exergy transfer rate among STES, CTES and MF-CTES .
The Second Law of Thermodynamics states that q cannot be 100% converted into electricity, meaning that heat exchange rate cannot reflect the real efficiency of a TES system. Thus, a new concept of exergy transfer rate hex has been proposed in this study to evaluate the overall thermal performance of STES, CTES and MF-CTES.
h ex is the effective exergy transfer rate, representing how much useful thermal energy is transferred from HTF to PCMs during charging processes.
Effective exergy transfer rates hex were obtained by numerical simulations for STES, CTES and MF-CTES. Figure 10 shows the comparison of hex between STES and CTES system, it can be concluded that CTES nearly always produces higher exergy transfer rate (up to 23%) than STES. It needs to be noted that CTES delivers slightly lower exergy transfer rate than STES, only when PCM 1 starts phase change and after PCM 4 finishes phase change. There are two probable reasons for this. Firstly, when PCM 1 starts its phase change, CTES had lower exergy efficiency than STES despite of CTES having slightly higher heat exchange rate than STES. Secondly, after PCM 4 finishes its phase change, the heat exchange rate of STES is higher than CTES due to the long-time delay of temperature rise (latent heat of PCM 4), but the exergy efficiency STES is much lower than CTES (shown in Fig. 8 ) due to its low temperatures after phase change. In summary, CTES nearly always has higher exergy transfer rates (up to 23%) than STES; MF-CTES can further increase exergy transfer rates of CTES by 2-7 times.
Conclusions
The numerical results have shown good agreement with experimental data. Natural convection exists in all the three cases studied: STES, CTES and MF-CTES. Due to low thermal expansion coefficients and high viscosities of PCMs used, natural convection was found to be rather weak in MF-CTES, since metal foams have large flow resistance.
CTES enhances heat exchange rate by up to 30% compared to STES. MF-CTES enhances heat exchange rate by 2-7 times compared to CTES, depending on the properties of metal-foam samples (porosity, pore density and metal thermal conductivity).
Simulation results indicate that the metal foams with lower porosity and higher pore density have better heat transfer performance than the ones with higher porosity and lower pore density.
CTES does not always have higher exergy efficiency than STES (-15% to +30%).
MF-CTES cannot further improve exergy efficiency for CTES, but can help CTES to finish melting more quickly by having higher heat exchange rates (melting time reduced by 67-87%).
CTES nearly always has higher exergy transfer rate (up to 23%) than STES.
MF-CTES can further increase exergy transfer rate of CTES by 2-7 times. 
